Abstract
Introduction 55 56
When toddlers start to walk independently, their gait differs markedly from more 57 mature walking. Nevertheless, even though the toddler gait has immature characteristics 58 (Forssberg 1985 ; Assaiante et al. 1993; Bril and Brenière 1993; Cheron et al. 2001 ; 59 4 experience (Adolph 1995) . Finally, during development the large number of degrees of 81 freedom (dof) needs to be controlled and Bernstein (1967) proposed that, at the beginning of 82 learning a skill, individuals may restrict the degrees of freedom to reduce the size of the 83 search space and simplify the coordination. However, little information is known about how 84 exploratory learning in newly walking toddlers is reflected in their kinematic strategy when 85 navigating across various realistic environments. 86
In adults, locomotor movements can be accommodated to various support surface 87 conditions, such as uneven or compliant terrain, stairs, obstacles, etc., being accompanied by 88 anticipatory locomotor adjustments and appropriate changes in the intersegmental 89 coordination. In particular, limb segment rotations covary so that the three-dimensional (3D) 90 trajectory of temporal changes in the elevation angles lies close to a plane, whose orientation 91 characterizes specific gait-dependent phase relationships between angular limb segment 92 motions (Lacquaniti et al. 1999 (endpoint control by controlling the length and orientation of the main limb axis) is realized in 96 human locomotion, likely by controlling the distribution of joint stiffness and thus the relative 97 rotation of limb segments (Ivanenko et al. 2007a) . 98
In toddlers, the coordination pattern of the thigh-shank-foot elevation angles is more 99 variable and departs from the mature pattern; nevertheless, the gait loop can be approximated 100 by a single plane (Cheron et al. 2001 ; Ivanenko et al. 2004 ). While general adaptive changes 101 10 horizontal displacement of the foot maker (VM). In addition, a video clip for each trial was 230 viewed and characterized by two examiners. In particular, we described general obstacle task 231 performance calculating the percentage of trials with a successful stepping over the obstacle 232 (step over), placing the leading limb onto the obstacle (step onto), stopping before the 233 obstacle (stopped before) and stumbling (brief contact of the leading limb with the obstacle 234 and the following foot movement). For the stair climbing task, we described where the 235 subjects placed the first foot (on which edges or treads) when approaching the staircase. to characterize foot placements of both limbs relative to the obstacle or edges of the staircase. 243
It was calculated as a virtual marker located at the midpoint between LM and VM markers. 244
The horizontal foot position relative to the obstacle/ staircase was normalized to the subject's 245 limb length (L) calculated as thigh plus shank segment length. For the obstacle task, the 246 spatial distribution of foot placements relative to the obstacle was expressed as the percentage 247 of the total steps (the data for stepping using the two obstacle heights were pooled together). 248
The latter analysis was performed for the crossing stride (step 0, the leading limb) and for the 249 stride preceding the obstacle (step -1, both the leading and trailing limbs). For the stair 250 climbing task, we characterized 1) percentage of placing the first foot on different parts of 251 stairs (edges and treads) when approaching the staircase (first foot placement), and 2) total 252 spatial distribution of all steps during stair climbing (the left and right foot placements were 253 pooled together). 254 segment corresponds to the angle between the segment projected on the sagittal plane and the 256 vertical (positive in the forward direction, i.e., when the distal marker falls anterior to the 257 proximal one) (Fig. 1B) . The intersegmental coordination of the elevation angles in the 258 sagittal plane was evaluated in position space as previously described using the principal 259 component analysis (PCA) (Borghese et al. 1996; Ivanenko et al. 2007a ). Briefly, we 260 computed the covariance matrix of the ensemble of time-varying elevation angles (after 261 subtraction of their mean value) over each gait cycle. The three eigenvectors u 1 -u 3 , rank 262 ordered on the basis of the corresponding eigenvalues, correspond to the orthogonal directions 263 of maximum variance in the sample scatter. For each eigenvector, the parameters u it , u is , and 264 u if correspond to the direction cosines (projections) with the positive semi-axis of the thigh, 265
shank, and foot angular coordinates, respectively. The first two eigenvectors u 1 -u 2 lie on the 266 best-fitting plane of angular covariation. The third eigenvector (u 3 ) is the normal to the 267 covariation plane and defines the plane orientation. The planarity of the trajectories was 268 quantified by the percentage of total variation (PV=PV 1 +PV 2 ) accounted for by the first two 269 eigenvectors of the data covariance matrix (for ideal planarity PV = 100% and PV 3 = 0). 270
Since the tasks were performed differently by the toddlers and the adults (i.e., toddlers often 271 placed the foot onto the obstacle or edges of stairs, see Results), in the obstacle task, we 272 included only step over trials in order to compare the intersegmental coordination with a 273 similar task perfomance in the toddlers and the adults. For the upstairs and downstairs tasks in 274 toddlers, we also analyzed separately the steps landed on treads and edges. 275 12 stride length, foot lift) across conditions and subjects, after the evaluation of the normal 280 distribution of the data. However, in all such trials, toddlers stopped before the obstacle/stair/slope and thus failed to 309 negotiate it. Therefore, we also recorded stepping with arm support. This maneuver highly 310 facilitated the task and all toddlers achieved task performance. In the first three sections, we 311 describe the general gait and foot placement characteristics during stepping over different 312 surfaces, and in the last section the changes in the intersegmental coordination. 313
314
Stepping over the obstacle 315
While negotiating an obstacle in their travel path, adult subjects showed a typical 316 anticipatory foot placement behavior reported previously in numerous studies (e.g., 317
McFadyen and Carnahan 1997; Patla and Prentice 1995; Sparrow et al. 1996) . The key 318 features of lead and trail foot motion are summarized in Fig. 2 . Adult subjects showed precise 319 and systematic gait adaptations to step over the obstacle and no subject contacted the obstacle 320 ( Fig. 2A) . At both heights, the obstacle was accommodated in a natural manner without 321 abrupt adjustments to the gait pattern or any other unusual adaptations. In particular, lead foot 322 lift increased systematically in all adult subjects as obstacle height increased (Fig. 2B ). Foot 323 placing in step -1 was well differentiated for the leading and trailing limbs and occurred at 324 about 1.18 L and 0.33 L from the obstacle, respectively (Fig. 2C , the data for the two obstacle 325 heights were similar and therefore were pooled together, see also Sparrow et al. 1996) . The 326 leading limb crossed the obstacle (see pie-charts in Fig. 2A ) and contacted ground at a 327 distance of ~0.58 L (Fig. 2D) . 328 failed to do it correctly (stumbled). Interestingly, successful obstacle negotiation was often 330 performed by the toddlers in a different way from the adults since in 52% of trials they placed 331 the foot onto the obstacle without stopping whole-body motion and only in 27% of trials they 332 stepped over (adult subjects stepped over an obstacle in 100% of trials). Total successful 333 obstacle negotiation (step onto and step over) was observed in about 79% of trials. We 334 attempted to challenge the participants with two different obstacle heights (~0.16 L and ~0.23 335 L) and in both cases the percentage of failure trials (stopped before or stumbling) was similar 336 (about 20%). 337
In toddlers during step over trials, the two obstacle heights could not be differentiated 338 in foot path adoption and anticipatory locomotor adjustments. The amplitude of the foot lift in 339 the crossing stride was similar to that of the adults when normalized to the limb length ( Stair climbing performance differed between adults and toddlers. In adults, during 359 stair ascent, the first foot contact occurred on the first step and ended at the same foot contact 360 on the third step, the contralateral foot placing was spatially shifted by one stair accordingly 361 (Fig. 3A ,B,C). Stair descent started with foot contact on the first step with stereotyped 362 alternating foot placements (Fig. 3A) . The mean horizontal walking speed was equivalent 363 during ascent and descent trials (Fig. 3D, p=0 .8, paired t-test), likely suggesting that adults 364 compensate well for different biomechanical gravity-and surface-related requirements to 365 maintain the same natural self-selected speed. Adults never stepped on the edges. 366
In toddlers, the first foot contact could occur on both the treads and edges either during 367 stair ascent or descent (Fig. 3B) . The overall percentage of first foot placements on the edges 368 (sum of edge 1, edge 2 and edge 3 placements in Fig 3B) was 74% and 77% during ascent and 369 descent trials, respectively (while in adults it was 0% either during ascent or descent). 370
Furthermore, some toddlers (3) touched the edges of the stairs with the hand prior to 371 ascending or descending and the occurrence of foot placements on the edges of the stairs was 372 high (Fig. 3C) , suggesting haptic 'probing' of the support surface. Finally, there was a clear 373 difference in the walking speed during ascent and descent trials as it was significantly higher 374 in the former condition (Fig. 3D, p<0 .005, paired t-test).
16 Fig. 4A illustrates examples of foot trajectories of both legs in one toddler and one 378 adult across six trials. In adults, foot placing was stereotyped across trials. Therefore, we did 379 not compare the spatial distribution of foot placements in adults and toddler. Nevertheless, the 380 results revealed a significant difference in adaptation of general gait and foot motion 381 characteristics to uphill and downhill stepping in the two groups of subjects. 382
In adults, as in the case of stair climbing, the mean walking speed was similar during 383 up and down trials (Fig. 4B, p=0 .7, paired t-test). However, the foot trajectory showed 384 adaptation; the foot lift was higher during downhill walking (Fig. 4C) . In toddlers, 385 performance was basically opposite to adults in this task. The walking speed increased 386 significantly during downhill trials (Fig. 4B, p<0 .01, paired t-test), while the foot path 387 characteristics were similar in comparisons of the selected strides at the same walking speed 388 of 0.75 km/h (Fig. 4C) . ANOVA (2 groups × 2 conditions) showed no significant effect of the 389 group (F=1.53, p=0.24) and condition (uphill vs downhill, F=2.70, p=0.12) on the vertical 390 foot displacement but a significant group×condition interaction (F=16.60, p<0.001). Post hoc 391 analysis revealed a significant difference in the foot lift between uphill and downhill walking 392 in adults (p=0.01), but not in toddlers (p=0.24) (Fig. 4C) . Again, information-gathering 393 behaviours became evident in some instances: infants looked down the slope as they 394 approached it, stopped at the edge and generated haptic information from touching, which is 395 consistent with previous observations (Adolph 1997) . 396 397
Intersegmental coordination 398
The intersegmental coordination of the thigh-shank-foot elevation angles was 399 compared across all walking conditions and was evaluated in position space using principal 400 component analysis (Borghese et al. 1996) . In essence, the method is shown in Fig. 5A . 401
Planar covariation of the elevation angles is directly related to the dimensionality of the 402 original data set. In adult walking, two principal components typically account for about 99% 403 of the total variance (PV 3 =0.7% in the example in Fig. 5A ). In toddlers, at the onset of independent walking, the gait loop during normal walking 424 departs from the mature pattern (Fig. 5C, forth panel) pooled together since we did not find differences in the u 3t parameter between steps landed on 430 treads or edges: u 3t =0.23±0.11 and u 3t =0.19±0.07, respectively, for upstairs and u 3t =0.28±0.08 431 and u 3t =0.32±0.10 for downstairs (p>0.05 for both conditions, unpaired t-tests). It is also 432 worth noting that, when comparing similar task performance between the two groups (landing 433 on treads), the u 3t numbers for steps landed on treads in the toddlers (0.23±0.11 and 0.28±0.08 434 for upstairs and downstairs, respectively) were significantly different from those in the adults 435 (-0.12±0.08 and 0.69±0.10, respectively, p<0.0002). 436
The planar covariation was weaker in toddlers than adults across all support surface 437 conditions (Table 1) , however, the gait loop could be still approximated by a single plane. averaged across conditions) than in adults (5.7±2.1°) (Fig. 6B) . In striking contrast with the 441 adults, we did not find any systematic rotation of the covariation plane across conditions in 442 the toddlers (Fig. 6A,B) . Only during the obstacle task, the plane orientation tended to be 443 orthogonal to the thigh axis (smaller u 3t parameter, Fig. 6A ), although it is overlapped with 444 other conditions (Fig. 6B ). Factorial ANOVA (2 groups × 6 tasks) showed that the group 445 (F=8.402, p<0.00001) and task (F=16.54, p<0.000001) significantly affected u 3t , u 3s and u 3f 446 parameters, and there was a significant group×task interaction (F=6.632, p<0.000001). Post 447 hoc analyses revealed a significant difference in the u 3t parameter between the adults and the 448 toddlers for the upstairs, downstairs and downhill tasks (p<0.05 for all three tasks), that is a 449 significant rotation of the covariance plane in the adults relative to that in the toddlers for 450 these conditions (Fig. 6A,B) . 451
Discussion 454
455
The aim of this study was to compare the characteristics of stepping over non-456 horizontal surfaces in adults and newly walking toddlers. The analyses revealed several 457 remarkable differences between these two groups. The foot path and placements were much 458 less accurately controlled in toddlers (Fig. 2, 3C, 4C ). In particular, in addition to a noticeable 459 percentage of stumbling steps, the foot lift during successful obstacle crossing was not 460 dependent on the obstacle height (Fig. 2B ) and the leading and trailing limb placements 461 relative to the obstacle were variable as opposed to adults (Fig. 2C) . Overall, the results 462 suggest prominent exploratory haptic foot placement behaviour and a simpler strategy in 463 intersegmental coordination in newly walking toddlers consisting in the maintenance of an 464 approximately constant planar covariance of angular segment motion, while in adults the 465 covariance plane systematically rotated across support surface conditions (Fig. 5, 6 ). We (Fig. 5, 6 ). The latter behavior may 474 reflect both 'reactive' and anticipatory adjustments. Unsupported stepping was not successful 475 in our toddlers during stepping over obstacles/stairs/inclined surface so that they walked with 476 hand support. However, it is unlikely that hand-holding changes significantly the covariation significance is that, in contrast to adults, toddlers did not compensate for the velocity of the 483 forward body motion: the walking speed markedly increased and decreased when stepping 484 down and up, respectively (Fig. 3D, 4B ). In line with previous studies, the aforementioned 485 differences may indicate that toddlers need to learn the 'rules' of walking in the gravity field 486 In adults, the full limb behavior in all gaits can be expressed as the 2 degree of 499 freedom (dof) planar motion for each gait, plus the rotation of the planes about a defined axis 500
(1 dof) (Ivanenko et al. 2007a ). This extends the analysis to a full 3 dof spatial control of 501 locomotion where the third dimension may determine the gait pattern or its adaptation to 502 covariance (Fig. 5, 6 ) reduces flexibility of the kinematic pattern and thus restricts the 504 manifold of angular segment motion. It is also worth noting that the planar covariance was 505 similar in toddlers when landing the foot either on treads or edges of stairs. Therefore we 506 suggest that this coordination strategy is consistent with the exploratory learning hypothesis 507 of Bernstein (1967) according to which children learn by first reducing the degrees of 508 freedom. 509
The fact that stepping over the same terrain could be performed using different 510 covariation patterns in adults and toddlers ( In the context of travelling in a cluttered environment over different surfaces, toddlers 536 often tended to place the foot onto the obstacles or edges of stairs that we interpret as a part of 537 haptic exploratory repertoire. Even taking into account step-by-step variability, the 538 characteristics of the footfalls could not be fully explained by random or casual placements. It 539 was most evident in the obstacle task in which a spatial distribution of the leading limb 540 footfalls had two prominent peaks corresponding to the 'step onto' and 'step over' strategies 541 (Fig. 2D ). For the stair task, the occurrence of foot placements on the edges of the stairs was 542 also high (Fig. 3) . Furthermore, in many cases toddlers touched the edges of the stairs with 543 the foot prior to ascending or descending, suggesting haptic 'probing' of the support surface 544 without moving the body forward. In contrast, all adults demonstrated stereotyped foot 545 placement characteristics (Fig. 2, 3, 4) . It is worth mentioning that the adult subjects did not 546 have special instructions except for 'stepping forward until the end of the walkway'. Likely, 547 their stereotyped behaviour was based on the everyday life experience with staircase/obstacle 548 stepping and anticipatory feedforward control of foot placements as one travels over uneven 549 terrains. 550
Vision plays a major role in navigation through structural environments. Adults have 551 been found to fixate on the obstacle for the last two steps prior to the obstacle, but not the stepa feedforward control mode in order to facilitate safe foot placement (Patla 1997) . Young 554 children show inconsistency in selecting an appropriate strategy (Patla et al. 1996) and further 555 studies on the role of fixation when approaching an obstacle will advance our understanding 556 of the relationship between visual exteroceptive input and perceptual judgement of the 557 environment in toddlers. For instance, infants simultaneously look and take a probing step 558 when peering over the brink of the descending slope (Adolph and Berger 2006) . Nevertheless, 559 the usage of visual information is greatly influenced by cognitive factors and infants may 560 even neglect obvious obstacles (e.g., toys located on the floor) when walking in a play area. 561
The occurrence of the first steps at around the age of 1 year is approximately coincident with 562 the appearance of a new "geometric" mechanism of joint visual attention (looking where 563 someone else is looking or pointing, Butterworth 1998). Improved cognitive capacity to 564 generate different associations (Zelazo 1983 ) may in turn be accelerated by underlying 565 changes in information accessibility due to the enhanced freedom to explore the world beyond 566 the territory at hand when starting to walk. 567
These perceptual and cognitive aspects were not an intended focus of the current 568 study. We do suggest, nevertheless, that 'haptic' foot exploratory placements (Fig. 2, 3) and 569 simplified kinematic strategy of limb segment motion (Fig. 6) distance from the leading edge of the obstacle (the data for all step onto and step over trials 
